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Abstract Nitric oxide (NO) is a key signal molecule
involved in many physiological processes in plants. To
study the mechanisms of exogenous NO contribution to
alleviate the aluminum (Al) toxicity, roots of rice (Oryza
sativa) seedlings pre-treated with sodium nitroprusside
(SNP, a NO donor) were used to investigate the effect of
Al in this study. Results indicated that NO alleviated the
lipid peroxidation induced by Al and promoted the root
elongation, whereas butylated hydroxyanisole (BHA), an
efficient lipophilic antioxidant, alleviated the lipid per-
oxidation only. Rice seedling roots pre-treated with SNP
followed by Al treatment had lower contents of pectin
and hemicellulose, lower Al accumulation in root tips
and cell walls, higher degree of methylation of pectin
and lower wall Al-binding capacity than the roots with
Al treatment only. Therefore, the decreased Al accumu-
lation in the cell walls of rice roots is likely to be the
reason for the NO-induced increase of Al tolerance in
rice, and it seems that exogenous NO enhanced Al tol-
erance in rice roots by decreasing the contents of pectin
and hemicellulose, increasing the degree of methylation
of pectin, and decreasing Al accumulation in root cell
walls.
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Abbreviations
BHA Butylated hydroxyanisole

GaE Galacturonic acid equivalents

HC1 Hemicellulose 1

HC2 Hemicellulose 2

MP Membrane permeability

NO Nitric oxide

PME Pectin methylesterase

PTIO 2-Phenyl-4,4,5,5-tetramethyl-imidazoline-
1-oxyl-3-oxide

SNP Sodium nitroprusside

TBARS Thiobarbituric acid-reactive substances

Introduction

Aluminum (Al) toxicity is a major limiting factor in
affecting crop productivity on acidic soils, which accounts
for about 40% of the World’s arable land (Uexkiill and
Mutert 1995). The primary toxic symptom of Al ion is the
inhibition of root growth (Yamamoto et al. 2003). Al ions
can cause significant inhibition of root elongation at
micromolar concentrations (Horst et al. 2010; Kochian
1995). Numerous studies indicated that root apex is the
primary site perception (Horst et al. 2010; Ma 2007; Tian
et al. 2007; Yang et al. 2007) and expression of Al toxicity
and resistance (Wang et al. 2010a). Plants have diverse
mechanisms to tolerate Al toxicity in acid soils (Horst et al.
2010; Ma 2007; Yang et al. 2007). There are two distinct
mechanisms of resisting Al toxicity in plants. One class of
mechanisms is excluding Al from the root apex, while the
other class allows the plant to tolerate Al accumulation in
the root and shoot symplasm (Kikui et al. 2005). Although
progress has been made during recent years, the
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mechanisms of Al-induced inhibition of root elongation
and Al resistance are still not well understood.

Numerous studies indicate that Al interacts with root
cells at multiple sites including cell wall, plasma mem-
brane and symplasm, resulting in disrupted structures and/
or functions of the cell wall and plasma membrane, signal
transduction pathway, and Ca homeostasis (Ma et al. 2004;
Ma 2007). Cell wall is the first site in contact with Al and
about 85-90% of the total Al accumulated by roots is
tightly bound to cell walls (Chang et al. 1999; Rengel and
Reid 1997; Yang et al. 2007). Cell elongation is also reg-
ulated by turgor pressure and physical properties of cell
walls (Ma et al. 2004). Recent studies showed that Al
caused the changes of polysaccharides in cell walls and
increased wall-bound ferulic and diferulic acids, which
may lead to a decrease in cell wall extensibility and an
increase in cell wall rigidity (Eticha et al. 2005; Hossain
et al. 2006; Ma 2007; Matsumoto 2000; Tabuchi and
Matsumoto 2001). AI*™ binds to the negatively charged
carboxylic groups of pectin matrix in cell walls (Eticha
et al. 2005; Yang et al. 2007). Previous study has shown
that pectin content is positively correlated with the
Al-induced loss of cell viability in maize suspension cells,
suggesting that the binding of Al to the pectin matrix is an
important step in the manifestation of Al toxicity (Ma
2007; Schmohl and Horst 2000). Hence, the amount of Al
binding to cell walls is controlled by the pectin content and
its methylation degree (Schmohl and Horst 2000; Yang
et al. 2007). In rice, the pectin content of the root apex in
the Al-resistant cultivars was lower than that in Al-sensi-
tive cultivars (Yang et al. 2007). Moreover, Al-sensitive
cultivars showed a higher pectin methylesterase (PME)
activity and a higher portion of demethylated pectin than
that in Al-resistant cultivars (Eticha et al. 2005; Yang et al.
2007), indicating a higher portion of free pectic acid from
demethylated pectin residues in cell walls resulted in the
higher Al contents in the root tips and cell walls. Strong
binding of Al to the pectin matrix may prevent cell wall
extension by decreasing the effectiveness of cell wall-
loosening enzymes (Wehr et al. 2004). Rice (O. sativa) is a
worldwide staple crop, an important monocotyledon model
plant and the most Al-resistant species among small grain
cereal crops (Foy 1988). However, the mechanism of rice
resistance to Al toxicity is little known. In rice, correlations
between cell wall polysaccharide content and Al exclusion
might be the basis for a novel Al resistance mechanism
(Yang et al. 2007).

As an important signaling molecule in plants, NO is
involved in responses to abiotic and biotic stresses such as
drought, salt, heavy metal, heat stress, disease resistance
and apoptosis (Delledonne et al. 1998; Durner and Klessig
1999; Garcia-Mata and Lamattina 2002; Wang et al. 2009;
Zhao et al. 2007). In plants, NO also modulates numerous
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physiological processes (Crawford and Guo 2005; Lamat-
tina et al. 2003; Neill et al. 2003; Wang et al. 2010b),
including promoting root growth and mediating IAA-
induced adventitious roots in cucumber (Cucumis sativus)
(Pagnussat et al. 2003), modulating the expression of cell
cycle regulatory genes and the lateral root formation in
tomato (Correa-Aragunde et al. 2004, 2006), as well as
affecting the composition of cell walls in tomato and rice
roots (Correa-Aragunde et al. 2008; Xiong et al. 2009).

It has been reported that NO can reduce Al toxicity by
alleviating Al-induced oxidative stress and promoting root
elongation in Cassia tora L. and Hibiscus moscheutos L.
(Tian et al. 2007; Wang and Yang 2005). However,
Yamamoto et al. (2001) indicated that the Al-induced
oxidative stress eliminating by BHA could not promote the
root elongation, suggesting that there might be other
mechanisms of NO in alleviating Al stress. Considering the
role of cell wall in Al toxicity and root elongation, NO may
be involved in the regulation of cell wall composition in
alleviating heavy Al toxicity to rice roots. In this study, we
provide the useful information in understanding the roles
and mechanisms of exogenous NO in alleviating Al tox-
icity in rice.

Materials and methods
Plant material and chemical treatments

Rice (O. sativa sp.) seeds were surface sterilized in 1% (v/v)
sodium hypochlorite solution for 18 min, washed thrice
with de-ionized water and then soaked in de-ionized water
overnight at 30°C in the dark. Germinated seeds were
cultured in the solution (0.5 mM CaCl,, pH 4.5) in a cul-
ture room at 25 4 2°C with 16-h day/8-h dark photoperiod
under a photon flux density of 120 pmol photons m—= s~ .

After 4 days culture, the seedlings were subjected to
various treatments. AICl; was included in the culture
solution for Al treatment. SNP (NO donor) and/or PTIO
(NO scavenger) were added into the culture solution for
24-h pre-treatment, then the rice roots were rinsed with
0.5 mM CaCl, (pH 4.5) thrice and exposed to the AICl;
solution. Root elongation was measured with a ruler after
different treatments.

Ion leakage measurement

Relative ion leakage was determined according to Sairam
and Srivastava (2002) with some modifications. The rice
roots (10 tips for each sample) were placed in beaker with
10 ml of de-ionized water at 25°C for 2 h. After the
incubation, the conductivity in the bathing solution was
determined (C;). Then, the samples were boiled for
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15 min, and the conductivity was read again in the bathing
solution after cooling (C,). Relative ion leakage was cal-
culated from the equation: relative ion leakage % = C,/
C, x 100.

Determination of Al content

The content of Al bound to cell walls of rice roots was
estimated by homogenizing the frozen root apices with the
ice-cold distilled water. The homogenate was centrifuged
at 13,000g for 10 min and the pellet was washed three
times with 80% ethanol, methanol and chloroform mixture
(1:1, v/v), and 100% acetone, respectively. After drying,
the pellet was resuspended in 2 N HCIl for 24 h with
occasional shaking. For the total Al content in the root
apices, the root apices were directly suspended in 2 N HCl
for 24 h. Al content was determined through graphite fur-
nace atomic absorption spectrophotometry according to the
method of Wang and Yang (2005).

Cell wall extraction and measurement
of polysaccharide content

The rice root cell wall was extracted according to Zhong
and Lauchl (1993). Root cell walls were estimated by
homogenizing the frozen root apices with 80% ethanol.
The homogenate was kept in a centrifuge tube undisturbed
for 20 min in an ice-water bath. Then, the homogenate was
centrifuged at 10,000g for 10 min and the pellet was
washed thrice each with a methanol and chloroform mix-
ture (1:1, v/v), and 100% acetone, respectively. The
supernatant of each wash was discarded and the final pellet
was freeze dried overnight.

The cell wall was fractionated into three fractions:
pectin, hemicellulose 1 (HC1), and hemicellulose 2 (HC2)
according to Yang et al. (2007). The pectin fraction was
extracted twice by 0.5% ammonium oxalate buffer con-
taining 0.1% NaBH, (pH 4.0) in a boiling water bath for
1 h. Pellets were subsequently subjected to triple extrac-
tions with 4% KOH containing 0.1% NaBH, for 24 h,
followed by the extraction with 24% KOH containing 0.1%
NaBH,4. The pooled supernatants from 4 and 24% KOH
extraction thus yielded the HC1 and HC2 fractions. Uronic
acid content in each cell wall fraction was assayed
according to the method of Blumenkrantz and Asboe-
Hansen (1973). Galacturonic acid was used as a calibration
standard, thus the root pectin content was expressed as
galacturonic acid equivalents (GaE).

Al association and dissociation kinetics

The Al association and dissociation kinetics were analyzed
as described earlier by Zheng et al. (2004). The association

solution consisted of 10 uM AICl; otherwise stated in
0.5 mM CaCl, at pH 4.5. The solution was sipped by a
peristaltic pump set at a speed of 2 ml 10 min~' after
running through a 2-ml column packed with the cell wall
sample. Then the flowthrough was collected by a fraction
collector at 10 min intervals. The fractions were collected
until the Al concentration was the same as that in the
association solution. The unbound Al was washed with
0.5 mM CaCl, at pH 4.5 at a speed of 6 ml min~"' for 1 h.
Then the bound Al was dissociated by 2.5 mM CaCl, at pH
4.5 at the same speed as association, and the fraction was
collected until the Al concentration in the dissociation
solution was below the detection limit. Finally, the accu-
mulated bound or unbound Al was calculated and plotted.
All the kinetic studies were carried out twice indepen-
dently, and one set of association and dissociation curve
was presented in the result.

Al was measured spectrophotometrically with pyrocat-
echol violet (PCV) according to Kerven et al. (1989) with
some modifications. As only simple dilute solution was
used in the present study, MES buffer at pH 6.2 was
applied instead of hexamine buffer. The reaction solution
consisted of 2 ml sample solution + 0.8 ml de-ionized
water + 0.2 ml 0.0375% PCV. After mixing, 1.0 ml of
50 mM MES was added and mixed. The absorbance at
590 nm was recorded 15 min later. In preliminary experi-
ments, it was shown that the pH of the reaction solution
could be maintained at 6.2 throughout the measurement.
The absorbance of the standard was stable and repeatable
during the whole experimental period.

Pectin methylesterase activity assay

PME in rice roots was extracted according to the method
described by Richard et al. (1994). Cell wall was resus-
pended in 1 M NaCl solution (pH 6.0) for 1 h, and then
centrifuged at 12,000g for 15 min. The supernatant was
collected. The extract was added to the PME activity assay
buffer (0.5% citrus pectin, 0.2 M NaCl, and 0.002% methyl
red, pH 6.8) for 1 h at 37°C. Pectin de-esterification
decreases the pH, thus changes the color from yellow to red.
The color change was recorded at 525 nm with a spectro-
photometer. A calibration curve was obtained by adding
0.01 M HCI to the PME activity assay buffer and the
respective OD values were measured at 525 nm. The PME
activity was obtained according to the calibration curve.

The plasma membrane integrity determination
The plasma membrane integrity of rice roots was evaluated
according to the method described by Yamamoto et al.

(2001). The roots were stained with 0.025% (w/v) Evans
Blue and then washed by de-ionized water. The stained
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region (10 mm) was excised and placed together. The
trapped Evans Blue was released by homogenizing the root
sections in 1 ml of 1% (w/v) SDS. The homogenate was
centrifuged at 10,000g for 10 min. The supernatant was
determined at 600 nm.

Histochemical analyses

The localization of Al was detected with hematoxylin
according to the method of Sasaki et al. (1997). In this
staining procedure, Al acts as a mordant and causes the
binding of oxidized hematoxylin to constituents of cells
with the formation of colored complexes (Havas 1986).
The localization of the loss of plasma membrane integrity
was detected with Evans Blue according to the method of
Yamamoto et al. (2001). The root was stained with 0.025%
(w/v) Evans Blue solution for 15 min and then washed
thrice with deionized water.

Determination of lipid peroxidation

Lipid peroxidation was measured in terms of thiobarbituric
acid-reactive substances (TBARS) content following the
method of Heath and Packer (1968) with some modifica-
tions. Rice root tips (0.3 g) were homogenized in 10% tri-
chloroacetic acid and then the homogenate was centrifuged
at 4,000g for 30 min. A 2 ml aliquot of the supernatant was
mixed with 2 ml of 10% trichloroacetic acid containing
0.5% thiobarbituric acid. The mixture was heated at 100°C
for 30 min, and then centrifuged at 10,000g for 10 min. The
supernatant was measured at 532 nm, with a reading at
600 nm subtracted from it to reduce non-specific turbidity.
The amount of TBARS was calculated using an extinction
coefficient of 155 mM ™" cm ™.

Determination of methyl esterification degree of pectin

Methyl esterification degree (MED) of pectin was deter-
mined through FT-IR spectroscopy analysis as described
by Manrique and Lajolo (2002). MED of pectin was cal-
culated according to the absorbance spectra of the samples,
using a relationship involving absorbance intensities for the
1,630 and 1,745 cm ™' band.

Results

Effect of NO on Al-induced inhibition of root
elongation

The growth of rice roots treated with 0-200 pM A’ in

0.5 mM CaCl, solution (pH 4.5) for 24 h was obviously
inhibited in a dose-dependent manner. Approximately,
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50% inhibition of root elongation was observed at 75 pM
A" treatment (Fig. 1a). Therefore, 75 uM APP" was used
in subsequent experiments. In order to determine the
effects of NO on the Al-induced inhibition of rice root
growth, 0—150 uM SNP pre-treatments in rice seedlings
was performed. As shown in Fig. 1b, the pre-treatment
with 25-100 pM SNP clearly removed the Al-induced
inhibition of rice root elongation. The root length increased
about twofold in rice seedlings pre-treated with 25 uM
SNP followed by 75 pM AI’" treatment compared with
that of the control (75 pM APT treatment alone). The root
growth almost recovered to the normal level by 25-50 uM
SNP pre-treatment (followed by 75 pM Al treatment).
However, in the presence of higher SNP concentrations
(75-100 puM), the recovery of the Al-induced inhibition
decreased and no recovery was observed at 150 uM SNP
(Fig. 1b). The root elongation of SNP pre-treated rice
seedlings under Al treatment for 0-24 h increased along
with the treatment time (Fig. 1c). The effect of 25 pyM SNP
on recovering the Al-induced root growth inhibition was
reversed by application of 100 M 2-phenyl-4,4,5,5-tetra-
methyl-imidazoline-1-oxyl-3-oxide (PTIO), a NO-specific
scavenger (Fig. 1d). These results suggested that NO could
relief the Al toxicity on rice roots.

Effect of NO on Al accumulation in root apices
and cell wall of rice seedlings

Al accumulation in root apices is correlated with the Al-
induced inhibition of root elongation. In the root apex, Al
mainly accumulates in the cell walls (Horst et al. 2010;
Schmohl and Horst 2000). As shown in Fig. 2, Al mainly
accumulated in the cell wall fraction (about 87.7%). The
pre-treatment with 25 uM SNP obviously reduced the Al
accumulation in rice roots (60.4%) and cell walls (59.0%)
compared with that of 75 pM Al treatment alone. The
effect of NO on the decrease of Al accumulation in rice
root tips and cell walls was reversed by PTIO application.
The inhibition of Al accumulation in root apices by SNP
was further supported by histochemical staining (Fig. 4a).
Compared to the control roots (75 uM Al alone), the root
apex of seedlings pre-treated with SNP was weakly
stained by hematoxylin, an indicator of Al presence.
Higher level of Al accumulation appeared in the root
apical region.

Effect of NO on Al-induced lipid peroxidation
and plasma membrane integrity

To study the role of NO in mediating Al-induced lipid
peroxidation, the content of TBARS, an indicator of lipid
peroxidation, was measured in the rice root apices. Butyl-
ated hydroxyanisole (BHA) was used as a positive control
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Fig. 1 Effect of Al and NO on root elongation of rice seedlings.
a Changes of root elongation under 50-200 pM Al treatments for
24 h. AICI; was added to the culture solution (0.5 mM CaCl,, pH 4.5)
for treatment. b Effect of SNP on root elongation. Roots were pre-
treated with 0, 25, 50, 100, 200 uM SNP for 24 h and then exposed to
treatment solutions (0.5 mM CaCl,, pH 4.5) containing 0, 75 uM Al
for 24 h. ¢ Time course of root growth under 75 uM Al and 25 pM
SNP treatment. Seedlings were pre-treated with 25 uM SNP for 24 h

of efficient lipophilic antioxidant to evaluate the rela-
tionship between lipid peroxidation and root elongation.
The content of TBARS in rice roots pre-treated with
25 uM SNP (followed by 75 uM Al treatment) was only
50% of the control (75 uM Al alone), and the root
elongation in rice seedlings pre-treated with 25 pM SNP
(followed by 75 puM Al treatment) was recovered to 85%
of the seedlings without SNP and Al treatment. BHA
application also reduced the content of TBARS induced
by Al to the normal level (without Al treatment). BHA,
however, had little effect on alleviating the inhibition of
root elongation caused by Al (Fig. 3). The integrity of
plasma membrane in rice root apices was evaluated by a
spectrophotometric assay of Evans Blue uptake and the
membrane permeability (MP). The more intense staining
indicated a higher level of the loss of plasma membrane
integrity at the root apical region (Yamamoto et al. 2001).
A 2.3-fold increase in MP and 1.8-fold increase in Evans
Blue uptake in rice root apices under 75 pM Al treatment
were observed compared with control. These increases
were reduced by SNP pre-treatment before the rice

(b) —— Al
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and then treated with 75 pM Al. d Effect of NO on the Al-induced
inhibition of root growth of rice seedlings. The seedlings were
pretreated with 25 pM SNP and 100 uM PTIO for 24 h and then
transferred into the culture solution containing 75 pM Al for 24 h.
Data are mean values + SE of three independent experiments. Within
each set of experiments, bars with different letters were significantly
different at P < 0.05

seedlings were exposed to 75 uM Al solution (Fig. 5).
The inhibition of Evans Blue uptake in rice root apices by
SNP pre-treatment was supported by histochemical
staining (Fig. 4b). Compared with the control roots (Al
treatment only), the SNP pre-treated root tips were stained
less by Evans Blue.

Effect of NO on pectin and hemicellulose contents
in the cell wall of rice roots under Al treatment

It has been reported that Al mainly accumulates in the cell
wall and the accumulation exerts a detrimental effect on
root growth and function (Blamey 1993). The cell wall
composition of the rice root apex was measured. As shown
in Fig. 6, polysaccharides including pectin, hemicellulose 1
and hemicellulose 2 in cell wall of rice roots increased
obviously under Al treatment compared with control. The
increase in polysaccharides induced by Al treatment was
reduced by SNP pre-treatment. The application of PTIO
eliminated the effect of SNP on relieving the increased
polysaccharides caused by Al (Fig. 6).
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Al content of root tip
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Al content of root cell wal
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Fig. 2 Changes of Al content in root tips (a) and cell walls (b) of rice
seedlings. The seedlings were treated with 25 pM SNP, 100 uM
PTIO and 75 pM Al as in Fig. 1 and then root tips (10 mm from the
apex) were used for the measurement of Al content. Cell wall was
extracted from the cut-off root tips. Data are mean values + SE of
three independent experiments. Within each set of experiments, bars
with different letters were significantly different at P < 0.05

Effect of NO on pectin methylesterase activity
and the degree of pectin methylation

The degree of pectin methylation is an important factor
affecting the properties of the cell wall (Yang et al. 2007).
Lower degree of pectin methylation in the cell wall leads to
more Al accumulation (Cosgrove 2005; Yang et al. 2007)
PME can reduce the degree of pectin methylation. In order
to determine the degree of pectin methylation, the PME
activity in rice root apex (0-10 mm) was analyzed. The
result showed that the PME activity in rice root under Al
treatment increased obviously as compared with the control
(without Al treatment) (Fig. 7a). With SNP pre-treatment,
the PME activity in the rice root apex under Al treatment
was maintained at the control level, and the effect of SNP
could be counteracted by PTIO application (Fig. 7a).
Concomitantly, the degree of pectin methylation decreased
significantly in Al-treated seedlings, nearly decreased to
25% of the control (without Al treatment). The decrease of
pectin methylation caused by Al treatment was greatly
restored by SNP pre-treatment (Fig. 7b). In addition, the
effect of SNP on restoring pectin methylation could be
eliminated by PTIO application. In order to investigate the
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Fig. 3 Effect of NO and BHA on the content of TBARS (a) and the
elongation of roots (b). The seedlings were treated with 25 uM SNP,
100 uM PTIO and 75 pM Al as in Fig. 1. The seedlings without pre-
treatment were treated with 75 pM Al and/or 100 pM BHA. Data are
mean values £ SE of three independent experiments. Within each set
of experiments, bars with different letters were significantly different
at P < 0.05

effect of NO on Al binding to the cell wall of rice roots, a
time-course kinetic study of Al association and dissociation
in cell wall of rice root was conducted. The cell walls of
rice root in the SNP pre-treatment bind less Al and the
bound Al was less tightly retained than that of the control
(Fig. 8).

Discussion

Al toxicity is harmful to plant growth and interferes with a
lot of physiological and biochemical processes (Kochian
1995). Al toxicity is the main cause of inhibition of root
growth of barley, rye and rice in acidic soil (Hartwell and
Pember 1918; Huang et al. 2009; Yang et al. 2007). Many
previous reports show that NO is not only involved in
modulating plant growth and development, but also
involved in plant responses to biotic and abiotic stresses
(Lamattina et al. 2003). In this study, we found that
exogenous NO alleviated the Al-induced inhibition of root
elongation in rice (Fig. 1b, c) and reduced Al accumulation
in root apexes and cell wall (Fig. 2). Our results indicate
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Fig. 4 Effect of NO on Al accumulation in the root apices (a) and
Al-induced loss of plasma membrane integrity (b). The seedlings
were treated with 25 uM SNP, 100 pM PTIO and 75 pM Al as in
Fig. 1. After treatment, the roots were rinsed with 0.5 mM CaCl,
(pH 4.5) solution and then the roots were stained with hematoxylin
(a) or Evans Blue (b). The scale bars in the graph indicate 1 mm

that NO-promoted root elongation is correlated with the
decrease in Al accumulation in root apexes and cell wall.
Furthermore, the NO scavenger PTIO could reverse the
effect of SNP on the root growth (Fig. 1d). These results
suggest that alteration of endogenous NO level in root
apexes of rice seedling may be closely associated with
plant tolerance to Al toxicity.

Previous reports show that Al-induced oxidative stress
and changes in cell wall properties have been suggested as
the two major factors involving in Al toxicity (Matsumoto
2000; Yamamoto et al. 2003; Zheng and Yang 2005).
Furthermore, Al-induced oxidative stress has been
observed in many plant species and in various systems
including soybean root tips (Horst et al. 1992), detached
rice leaves (Kuo and Kao 2003) and red kidney bean roots
(Wang et al. 2010a), and barley roots (Simonovicova et al.
2004). Also, the level of reactive oxygen species (ROS)
will increase under Al toxicity, such as H,O, and O, ", the
excess formation of reactive oxygen species is reported to
be one of the primary responses to Al exposure (Kuo and
Kao 2003; Yamamoto et al. 2003). There are also many
reports showing that the expression of genes for

antioxidative enzymes such as superoxide dismutase
(SOD), catalase (CAT), and peroxidase (POD), ascorbate
peroxidase (APX) is activated under Al stress (Ezaki et al.
2000; Wang et al. 2010a). The activated antioxidative
systems under Al stress are beneficial for plant to remove
excess ROS and inhibit lipid peroxidation (Mittler 2002;
Wang et al. 2004). Excess ROS often caused lipid perox-
idation that only observed after prolonged treatment in Al
(24 h or more) (Cakmak and Horst 1991). Concerning lipid
peroxidation induced by Al toxicity, there are different
conclusions in different plant species. For example, Al
treatment induced lipid peroxidation in red kidney bean
roots (Wang et al. 2010a), in triticale roots (Liu et al.
2008), detached rice leaves (Kuo and Kao 2003). Al
treatment failed to induce lipid peroxidation in maize and
they concluded that the Al-induced oxidation was not the
primary cause for the inhibition of root growth (Boscoloa
et al. 2003). In this study, we found that exogenous NO
alleviated the Al-induced lipid peroxidation and inhibition
of rice root elongation in rice seedling (Fig. 3a, b). In
addition, BHA could also suppress the Al-induced TBARS
production (Fig. 3a), but it could not alleviate the inhibi-
tion of rice root elongation induced by Al (Fig. 3b). Our
results indicated that SNP can alleviate the Al-induced
inhibition of root elongation and the lipid peroxidation in
rice. The further study showed that lipid peroxidation and
root elongation inhibition under Al stress had no direct
correlation, because BHA only had effect on Al-induced
TBARS production but could not promote root elongation.
This result is consistent with Yamamoto et al. (2001). Al
rapidly affects the properties of plasma membrane when it
binds to the sites in the plasma membrane (Ishikawa and
Wagatsuma 1998). The interaction of Al with membrane
lipids and proteins induces modifications of membrane
fluidity, permeability, and other structural properties
(Wagatsuma et al. 2005). Our results confirmed the results
of these reports. Histochemical observation and quantifi-
cation of the loss in plasma membrane integrity by Evans
Blue staining suggest that the membrane damage induced
by Al can be alleviated by exogenous NO application
(Figs. 4b, 5b). Similar phenomenon was found in the
plasma membrane permeability of rice roots under Al
stress (Fig. 5a). The function of NO as an antioxidant
molecule preventing plant from abiotic stresses was proved
in many reports (Lamattina et al. 2003). Furthermore, NO
also has some other function. Recent reports show that
nitric oxide affects cell wall metabolism in tobacco BY-2
cells (Pacoda et al. 2004) and exogenous nitric oxide
enhances cadmium tolerance of rice by affecting pectin
and hemicellulose contents in root cell wall (Xiong et al.
2009). Considering the function of NO on affecting the cell
wall, we focus our attention on the changes of cell wall
under the Al stress.
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Fig. 7 Effect of NO on the PME activity in the root apex of rice
(a) and the degree of pectin methylation (b). Seedlings were treated
with 25 uM SNP, 100 pM PTIO and 75 pM Al as in Fig. 1. Root
apices were cut for cell wall and PME extraction. The PME activity
was determined spectrophotometrically and the degree of pectin
methylation was analyzed by FT-IR spectroscopy. Data are mean
values £+ SE of three independent experiments. Within each set of
experiments, bars with different letters were significantly different at
P <0.05

pectin in cell walls, we measured the activity of PME and
the degree of pectin methylation in rice roots. The results
showed that the PME activity in rice roots treated with Al
increased by 60% as compared with the control. The
increase of PME activity in rice roots under Al stress was
alleviated by pre-treatment with SNP (Fig. 7a). The result
suggested that NO could affect PME activity to keep the
degree of pectin methylation at a high level to minimize
Al toxicity. By directly measuring the degree of methyl-
ation of pectin using FT-IR spectroscopy, we found that
rice seedlings pre-treated with SNP had higher degree of
pectin methylation than that of seedlings with the Al
treatment only (Fig. 7b). The lower content of polysac-
charides in cell walls with a higher degree of methylation
led to less carboxylic groups available for Al binding. The
results of Al association and dissociation kinetics showed
that the cell walls of rice roots pre-treated with SNP bind
less Al and the bound Al was less tightly retained than
that in the rice roots without SNP pre-treatment (Fig. 8).
These results indicated that rice roots pre-treated with
SNP has less Al binding sites and lower Al-binding
capacity than those in the rice roots without SNP pre-
treatment.

Cumulative amount
of adsorbed Al (umol g cell wall)

0 100 200 300 400 500 600

Desorption rate
(Desorbed/total adsorbed x 100)

0 100 200 300 400 500 600
Time (min)

Fig. 8 The kinetics of Al association (a) and dissociation (b) in the
cell walls of rice roots. The seedlings were exposed to 0.5 mM CaCl,
solution (pH 4.5) with or without 25 pM SNP pre-treated for 24 h and
then cell wall materials were extracted. Cell wall materials (20 mg)
were packed in a 2-ml column and kinetics was conducted

The cell wall porosity is largely controlled by the pectin
matrix (Baron-Epe et al. 1988). The cross-linking of pec-
tins with Al reduces the cell wall porosity and subsequently
decreases the permeability of cell walls for macromole-
cules such as proteins (Schmohl and Horst 2000). Recent
studies showed that Al and other metals reduced the
hydraulic conductivity of bacterial cellulose—pectin com-
posites by binding to the composites and changing pectin
porosity (McKenna et al. 2010). Pectin plays an important
role in cell growth, because pectin can form hydrated gels
and push microfibrils apart (Cosgrove 2005). Any change
in cell wall structure, hydrophobicity, cell wall chemical
composition, and physical properties may result in the
subsequent alteration of porosity (Yang et al. 2010).
Therefore, the increase of pectin in the cell wall of rice root
apices under Al stress (Fig. 6) may change the structure of
cell wall, consequently resulting in a rearrangement of wall
polymers and affecting the porosity. NO plays a role in
changing the structure of cell walls by blocking the
increase of pectin (Fig. 6a).

In conclusion, our results give an indication that NO
plays an important role in alleviating the Al-induced
damage of plasma membrane and lipid peroxidation and
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improving root elongation in rice. Moreover, we provided
evidence that the role of NO in alleviating Al-induced
oxidative stress under Al stress was not in direct correlation
with root elongation. Recent studies reported that the
strong binding of Al to the pectin matrix of the cell wall
was a main factor of Al toxicity but not a resistance
mechanism. The inhibition of Al to root elongation was not
induced by Al accumulation in the symplasts, but by
apoplastic Al in common bean (Rangel et al. 2009b). In
rice, the Al-binding capacity in the cell wall contributes to
differential Al resistance, and the Al-binding capacity in
the cell wall is determined by the content and the degree of
pectin (Yang et al. 2007). Our results show that NO
reduces Al toxicity and improves root elongation by
decreasing the contents of pectin and hemicellulose, and by
increasing the degree of methylation of pectin, which
determines the Al-binding capacity in the cell walls and
leads to less Al accumulation in cell walls.
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